The harvesting of rainwater is gaining acceptance among many governmental authorities in countries such as Australia, Germany, and South Africa, among others. However, conflicting reports on the microbial quality of harvested rainwater have been published. To monitor the presence of potential pathogenic bacteria during high-rainfall periods, rainwater from 29 rainwater tanks was sampled on four occasions (during June and August 2012) in a sustainable housing project in Kleinmond, South Africa. This resulted in the collection of 116 harvested rainwater samples in total throughout the sampling period. The identities of the dominant, indigenous, presumptive pathogenic isolates obtained from the rainwater samples throughout the sampling period were confirmed through universal 16S rRNA PCR, and the results revealed that Pseudomonas (19% of samples) was the dominant genus isolated, followed by Aeromonas (16%), Klebsiella (11%), and Enterobacter (9%). PCR assays employing genusspecific primers also confirmed the presence of Aeromonas spp. In addition, on one sampling occasion, Giardia spp. were detected in 25% of the eight tank water samples analyzed. This study highlights the diverse array of pathogenic bacteria that persist in harvested rainwater during high-rainfall periods. The consumption of untreated harvested rainwater could thus pose a potential significant health threat to consumers, especially children and immunocompromised individuals, and it is recommended that harvested rainwater be treated for safe usage as an alternative water source. R ainwater harvesting (RWH) has been described as an alternative improved water source, as this technology could assist in the provision of water directly to households for drinking and domestic purposes (1). Communities are also able to capture and store rainwater for utilization in small-scale productive activities, such as vegetable gardening, which could make a positive contribution toward food security for individuals from lower socioeconomic groups (2). In addition, low economic growth and the effects of climate change have compelled many governments and water authorities worldwide to rely on the process of harvesting rainwater as an alternative source of water (3).
R
ainwater harvesting (RWH) has been described as an alternative improved water source, as this technology could assist in the provision of water directly to households for drinking and domestic purposes (1) . Communities are also able to capture and store rainwater for utilization in small-scale productive activities, such as vegetable gardening, which could make a positive contribution toward food security for individuals from lower socioeconomic groups (2) . In addition, low economic growth and the effects of climate change have compelled many governments and water authorities worldwide to rely on the process of harvesting rainwater as an alternative source of water (3) .
A limited number of qualitative studies (4) have been conducted on the usage of rainwater for domestic and potable purposes, and while some studies have determined that harvested rainwater is safe for drinking purposes without prior treatment (5, 6) , a few studies have, however, shown that harvested rainwater is, in fact, not suitable for potable purposes (7, 8, 9, 10, 11) . As rainwater is collected from roof surfaces, pathogenic organisms that are found in bird feces, insects, mammals, reptiles, and other debris may be flushed into the tanks via the gutters and the tank inlet systems. This phenomenon could pose serious human health risks (12) , and between 1978 and 2006, six incidents of disease related to rainwater were reported (10, 13, 14) .
Indicator organisms, such as fecal coliforms and Escherichia coli, are routinely used to monitor the microbial quality of water sources (6, 15, 16) . However, studies have shown that there is a poor correlation between indicator organisms and pathogenic organisms in environmental water samples (17, 18, 19) , and for this reason Ahmed et al. (9) questioned whether the detection of indicator organisms was sufficient in determining the quality of rainwater. This discrepancy is attributed to the facts that first, indicator organisms have been shown to have different survival rates from pathogens and second, fecal indicators may replicate in external environments (20, 21) . PCR-based techniques have also been used in numerous studies to identify and quantify bacterial pathogens in environmental waters, as this technique offers a rapid, precise, and sensitive identification of bacterial pathogens. For example, Ahmed et al. (15) used PCR for the detection of Bacteroides spp. and detected the fecal indicator in 89% of the rainwater samples, while Savill et al. (22) detected Campylobacter spp. via PCR-based methods in 37.5% of the roof-collected water samples. Enteric pathogens such as Aeromonas hydrophila, Campylobacter jejuni, Campylobacter coli, and Salmonella spp. were also detected in harvested rainwater by use of PCR and were present in 7%, 19%, 1%, and 17% of the samples, respectively (9) . Protozoan pathogens detected in rainwater included Giardia spp. and Cryptosporidium spp. (23, 24) .
As South Africa is currently implementing strategies to utilize harvested rainwater as an alternative water source, the aims of this study were (i) to identify the dominant indigenous bacterial isolates cultured from harvested rainwater samples during a highrainfall season by using 16S rRNA sequencing and (ii) to investigate the presence and the frequency distributions of pathogenic bacteria that are ubiquitous in harvested rainwater samples via the use of genus-specific PCR detection.
MATERIALS AND METHODS
Sample site and collection. Sampling was conducted at a sustainable, low-income, subsidized housing project in Kleinmond, a coastal town situated in Western Cape, South Africa (25) . Twenty-nine houses with vertical, polyethylene domestic rainwater harvesting tanks (capacity of 2,000 liters) installed were selected from a cluster of 411 houses established by the Council for Scientific and Industrial Research (CSIR) and the Department of Science and Technology in 2010. No first-flush diverters were installed above the tanks, which would have eliminated the first flush of debris from the roof surface into the tanks. Four sampling sessions were conducted, from June to August 2012, with sampling being conducted 1 to 4 days after a rain event. Rainfall data for the Kleinmond area were obtained from the South African Weather Services (Pretoria, South Africa). On each of the four sampling occasions, 2-liter rainwater samples were collected from each of the 29 domestic rainwater harvesting tanks, resulting in the collection of a total of 116 samples. Additional 5-liter rainwater samples were collected from eight domestic rainwater harvesting tanks for the detection of Giardia lamblia and Cryptosporidium parvum on one sampling occasion (the third sampling session). After collection, the samples were stored on ice to maintain the temperature below 4°C during transportation.
Culturing and isolation of the dominant indigenous bacteria from harvested rainwater samples. In order to isolate Gram-negative enteric microorganisms from each rainwater tank sample collected during the four sampling sessions, 1 ml of the original sample was used for a serial dilution. Thereafter, 100-l aliquots of undiluted and diluted (10 Ϫ1 ) samples (processed within 36 h) were spread plated onto salmonella-shigella (SS) agar (Merck, Biolab, Wadeville, South Africa) and incubated at 35 Ϯ 2°C for 18 to 24 h. The undiluted and diluted tank water samples were also spread plated onto legionella charcoal-yeast extract (CYE) agar base (glycine, vancomycin, polymyxin B, and cycloheximide [GVPC]; Oxoid, Hampshire, England) supplemented with GVPC vials SR0152 and SR0110 (Oxoid); samples were incubated at 35°C for 48 h in order to isolate Legionella spp. The selective detection was then increased by preincubating the agar plates at 50°C for 30 min before cultivation (26) . In order to isolate Campylobacter species, an undiluted and a diluted (10 Ϫ1 ) tank water sample was spread plated onto Campylobacter blood-free selective medium (Oxoid) with the selective supplement SR0155 (Oxoid) added according to the manufacturer's instructions. Plates were incubated under microaerophilic conditions with the use of an Anaeropack Anaero apparatus (Davies Diagnostics, Randburg, South Africa) in a sealed container. This container was incubated at 35°C for approximately 10 days.
Isolates were categorized based on morphological similarities, and representatives from each category were identified with the use of molecular techniques to identify the dominant, indigenous microorganisms that were able to grow on SS agar, legionella GVPC agar base, or campylobacter selective medium under microaerobic conditions. Genomic DNA extractions from bacterial isolates and tank water samples. The selected isolates were subcultured onto nutrient agar (NA; Merck, Biolab, Wadeville, South Africa) at least three times, and once pure colonies had been obtained, a single colony was inoculated into 5 ml nutrient broth (Merck) and incubated at 37°C overnight. Cells were harvested by centrifuging 2 ml of each culture for 10 min at 6,000 ϫ g. The extraction of genomic DNA from each isolate was then performed using a soil microbe DNA miniprep kit (Zymo Research) according to the manufacturer's instructions.
For the PCR analysis of potentially pathogenic bacteria, total DNA extractions were also performed for each of the 116 tank water samples collected during sampling session one to four. In order to extract total genomic DNA from the tank water samples, a modified version of the boiling method was utilized (27) . Each tank water sample (1.6 liters) was filtered through a sterile GN-6 Metricel S-pack membrane disc filter (Pall Life Sciences, Michigan) with a pore size of 0.45 m and a diameter of 47 mm at a flow rate of approximately 65 ml/min/cm 2 at 70 kPa. In the cases where the filters were saturated, more than one filter was used to filter the 1.6-liter volume of tank water. The filters were then processed for DNA extraction as outlined by Ndlovu et al. (28) . Briefly, the filters for each rainwater sample were incubated in 2 ml Luria-Bertani (LB) broth (Merck, Biolab, Wadeville, South Africa) for 5 h at 37°C. The samples were vortexed for 15 min to detach the cells from the filters, and cells were harvested from 2 ml of the cell suspension via centrifugation at 12,500 ϫ g for 10 min. The supernatant was discarded, and the pellet was resuspended in 100 l sterile MilliQ water. The resuspended cells were then boiled at 95°C for 15 min, followed by cooling on ice for 10 min. The sample was subjected to centrifugation at 12,500 ϫ g for 5 min, and the supernatant was transferred to a sterile Eppendorf tube. Genomic DNA and total DNA were then visualized on a 0.8% agarose gel stained with 0.5 g/ml ethidium bromide. Universal 16S rRNA identification and phylogenetic analysis of dominant bacterial isolates. Once genomic DNA had been extracted from the various isolates, PCRs were used to amplify the 16S rRNA conserved sequences. The PCR mixtures consisted of a final volume of 50 l and contained 10 l of 5ϫ Green GoTaq Flexi buffer (1ϫ final concentration; Promega), 4 l MgCl 2 (2.0 mM), 0.5 l of each deoxynucleoside triphosphate (dNTP; 0.1 mM; Thermo Scientific, Lithuania), 2.5 l of each PCR primer (0.5 M) ( Table 1) , and 0.3 l (1.5 U) of GoTaq Flexi DNA polymerase (Promega, Madison, WI). Amplification was performed in a thermal cycler (Bio-Rad) as outlined in Table 1 .
Phylogeny trees constructed from the results obtained for the 16S rRNA sequences were determined as outlined by Jackson et al. (39) . The sequences of representative isolates that showed Ͼ97% similarity (Ͻ3% diversity) to organisms recorded in the international databases, such as GenBank, were used in the construction of the phylogenetic trees. The 16S rRNA sequences were aligned using the default settings and BLOSUM matrix (for the correction of multiple base changes) of ClustalX (version 1.81) (40) . To calculate the distances of relatedness between each sequence, unrooted trees were assembled using the neighbor-joining method and maximum composite likelihood function (41) . Phylogenetic analysis according to the methods described by Tamura et al. (42) was done using the program Molecular Evolutionary Genetics Analysis (MEGA, version 3.1), with bootstrap values set at 1,000. Positions that contained missing data were eliminated from the data set by using the complete deletion option.
Genus-specific PCRs from tank water samples. Primers and PCR conditions as outlined in Table 1 were utilized in the current study for the identification of pathogenic and opportunistic bacterial pathogens that have previously been identified in rainwater tank samples. Each PCR mixture was performed in a final volume of 50 l. For the detection of Shigella spp., Salmonella spp., and Aeromonas spp., the PCR mix consisted of 10 l of 5ϫ Green GoTaq Flexi buffer (1ϫ final concentration; Promega), 4 l MgCl 2 (2.0 mM; Promega), 0.5 l of each dNTP (0.1 mM; Thermo Scientific), 0.5 l of the PCR primer (0.1 M), 0.3 l (1.5 U) of GoTaq Flexi DNA polymerase (Promega), and 10 l of template DNA. For Campylobacter spp., Yersinia spp., and Klebsiella spp., the same PCR mix was used, with the exception that 1.5-l volumes of the respective forward and reverse PCR primers (0.3 M) were added. For Pseudomonas spp. and Legionella spp., again, the same reaction mixture was used, with 10 l of template DNA; however, 2.0 or 2.5 l of each PCR primer (0.4 or 0.5 M final concentrations, respectively) was also used, respectively.
For each PCR, a negative control, consisting of sterile water, and a positive DNA control were included. The following strains were cultured as the positive controls from which genomic DNA was extracted: Legionella pneumophila ATCC 33152, Shigella sonnei ATCC 25931, Salmonella enterica serovar Tymphimurium ATCC 14028, Pseudomonas aeruginosa ATCC 27853, Campylobacter jejuni subsp. jejuni ATCC 33291, Aeromonas hydrophila (environmental strain), Klebsiella pneumoniae ATCC 13385, and Yersinia enterocolitica ATCC 27729. Unless indicated otherwise, all positive control organisms were obtained from Microbiologics. The spec-ificity of each primer set was confirmed by using nontarget DNA extracted from all of the above-mentioned positive controls.
Genomic DNA extractions from tank water for the detection of G. lamblia and C. parvum. For the detection of G. lamblia and C. parvum, rainwater samples were collected during the third sampling session from selected rainwater tanks in the Kleinmond housing project. The tank water samples were processed according to the methods described by Dungeni et al. (43) with a few modifications. To extract total genomic DNA from the tank water samples, 5 liters of each sample was filtered through a sterile GN-6 Metricel S-pack membrane disc filter (Pall Life Sciences) that had a pore size of 0.8 m and a diameter of 47 mm. The filtration flow rate was approximately 65 ml/min/cm 2 at 70 kPa. The filters were then washed using 2 ml 0.1% Tween 80. After the filters had been removed, the samples underwent centrifugation (1,000 ϫ g) to pellet the (oo)cysts. DNA extractions were then performed on the pellets by using the QIAamp DNA stool minikit (Qiagen, Hilden, Germany) (44) with minor modifications. Briefly, the pellet was resuspended in 1.4 ml buffer ASL and incubated at 95°C for 5 min. Once the sample had undergone subsequent centrifugation (full speed for 1 min), an InhibitEX tablet was added to 1.2 ml of the supernatant and the mixture was vortexed for 1 min and then left at room temperature for 1 min. In order to remove the inhibitors bound to InhibitEX, the sample was centrifuged at full speed for 3 min. Into a microcentrifuge tube containing 30 l of proteinase K, 400 l of the supernatant was added. Before incubating the sample at 70°C for 15 min, 400 l of buffer AL was added, and after incubation 400 l of ethanol (96 to 100%) was added to each sample. In order to filter the complete lysate through the QIAamp spin column, approximately 600 l of the lysate was added to the QIAamp spin column and centrifuged at full speed for 1 min. This process was then repeated until the full lysate had been filtered through the QIAamp spin column. The manufacturer's protocol was then followed.
Identification of G. lamblia and C. parvum. The primers along with the PCRs utilized for the identification of Cryptosporidium parvum and Giardia lamblia have been previously described by Sturbaum et al. (36) , Appelbee et al. (37) , and Hopkins et al. (38) . Primers used in this study are outlined in Table 1 . The PCR mixture used to identify Cryptosporidium parvum consisted of a final volume of 50 l. It included 10 l of 5ϫ Green GoTaq Flexi buffer (1ϫ final concentration; Promega), 2.5 l of each PCR primer (0.5 M), and 0.3 l (1.5 U) of GoTaq Flexi DNA polymerase (Promega). The PCR conditions for the external and nested PCR are outlined in Table 1 ; a nested PCR was performed using 5 l of the primary PCR product.
For the detection of Giardia spp. in the tank water samples, a primary and seminested PCR was performed (Table 1) . Again, the PCR mixture consisted of a final volume of 50 l. It included 10 l of 5ϫ Green GoTaq Flexi buffer (1ϫ final concentration; Promega), 4 l MgCl 2 (2.0 mM), 0.5 l of each dNTP (0.1 mM; Thermo Scientific), 2.5 l of each PCR primer (0.5 M; see Table 1 ), and 0.3 l (1.5 U) of GoTaq Flexi DNA polymerase (Promega). A secondary PCR mixture consisted of the same components except that 0.5 l of the primary PCR product was used in place of genomic DNA. A 292-bp product was amplified using the primers RH11 and RH4 (Table 1 ). The conduct of the secondary PCR assay was identical to that for the initial PCR, with the exception that the annealing temperature was increased to 59°C.
The secondary PCR products for both C. parvum and G. lamblia were subsequently cloned into the pGEM T-easy vector system (Promega) according to the manufacturer's instructions and then transferred into E. coli DH5␣ cells and plated onto Luria-Bertani agar plates containing Analysis of PCR products. All PCR products were analyzed by gel electrophoresis in either 0.8% (for 16S rRNA identification), 1.5% (for genus-specific analysis), or 2% (for PCR cloning) agarose (Bio-Rad) containing 0.5 g/ml ethidium bromide in TBE buffer. Once the size and the concentration of the PCR products were confirmed, products of representatives of the bacteria detected in the tank water samples were cleaned and concentrated using the DNA Clean & Concentrator 5 kit (Zymo Research) as per the manufacturer's instruction. The cleaned products were then sent to the CAF for sequencing. Sequences were aligned and analyzed using DNAman version 4.1.2.1 software to form continuous sequences. Chromatograms of each sequence were examined using Finch TV v. 1.4.0 software and were aligned using DNAman version 4.1.2.1 software. Sequence identification was completed using the National Center for Biotechnology Information (NCBI) basic local alignment search tool (BLAST) (http://blast.ncbi .nlm.nih.gov/Blast.cgi) to find the closest match of local similarity between isolates and also using the international databases GenBank, EMBL, DDBJ, and PDB for sequence data (45) . The sequences of representative isolates that showed Ͼ97% similarity (Ͻ3% diversity) to the organisms were recorded.
Statistical analysis. The genus-specific PCR assays for each of the pathogenic bacteria (Shigella spp., Salmonella spp., Aeromonas spp., Klebsiella spp., Legionella spp., Pseudomonas spp., and Yersinia spp.) were analyzed to determine relations between the detection specifics of each organism. PCR results obtained from the Campylobacter PCR assays were not included, as no PCR assays showed positive results for Campylobacter spp. To analyze the data obtained from the genus-specific PCR assays, a positive PCR product was assigned a value of 1, and when no PCR product was observed, it was assigned a value of 0. Binary logistic regression has previously been used to investigate water samples, as this model can be applied to binary (presence/absence) results (46) . In order to validate the cooccurrence and noncooccurrence results, the odds ratio, specificity, and sensitivity of each PCR assay to detect the corresponding PCR assay were determined according to the methods of Gawler et al. (47) .
RESULTS
Identification of dominant indigenous pathogenic bacteria based on 16S rRNA analysis. From the 29 rainwater tanks that were sampled four times (1 to 4 days after a rain event) throughout the study period during a higher rainfall period (74.7 mm in June to 198.1 mm in August), 85 isolates were selected from a larger number of colonies based on morphological characterization. All the organisms isolated throughout this study were predominantly Gram negative, except for Enterococcus faecium (GenBank accession no. AMBN01000001.1), which was isolated during sampling session four and is a Gram-positive organism. The organisms identified as well as the frequency of detection throughout the sampling period are summarized in Table 2 .
Aeromonas spp. and Pseudomonas spp. were isolated throughout the high-rainfall period (sampling occasions one to four). Enterobacter spp., Klebsiella spp., and Serratia spp. were also commonly identified species; these genera were identified in three of the four (75%) sampling occasions. During two of the four sampling occasions, Providencia spp., Ochrobactrum spp., Raoultella spp., Citrobacter spp., and Acinetobacter spp. were isolated and identified. Chryseobacterium spp., Salmonella spp., Proteus spp., Comamonas spp., Morganella spp., Escherichia spp., Rahnella spp., Enterococcus spp., and Shigella spp. were only isolated and identified on one sampling occasion and represented the least prevalent genera.
During sampling one, 51% of the total 85 isolates were obtained, and during this sampling the most diverse array of Gramnegative bacteria was also isolated (Fig. 1) . Isolates present from the first clade, belonging to the Enterobacteriales order and the Enterobacteriaceae family, represented the largest order found in sampling session one. In contrast, the order Aeromonadales was represented by one family, Aeromonadaceae. Two families were observed in the third clade of Pseudomonadales, namely, Moraxellaceae and Pseudomonadaceae. The order of Rhizobiales contained one genus of Ochrobactrum, which belongs to the Brucellaceae family. The families of Comamonadaceae and Flavobacteriaceae formed clades five and six, respectively.
The cladogram depicted in Fig. 2 represents the range of organisms (27% of total isolates) identified during the second sampling session. First, the Enterobacteriales, encompassing the dominant family Enterobacteriaceae, were clustered together in the first clade. Aeromonadales formed the second clade, and these organisms included the family Aeromonadaceae, with one Aeromonas sp. found. The third clade, with Pseudomonadales, included two families of bacteria, Moraxellaceae and Pseudomonadaceae, including one Acinetobacter sp. and Pseudomonas spp., respectively. The Enterobacteriaceae represented the largest family during sampling session two, although the widest range of species diversity was seen among the Pseudomonas genus.
During the third and fourth sampling sessions, low diversity among the bacteria was observed, with 11 and 12% of the total isolates recovered, respectively (data not shown). During the third sampling, Aeromonas spp., Pseudomonas spp., Enterobacter spp., and Klebsiella spp. were isolated and identified, while the following species were isolated and identified during sampling session four: Aeromonas spp., Pseudomonas spp., Serratia spp., Enterococcus spp., and Shigella spp. Presence of potential pathogenic bacteria in tank water samples. Genus-specific PCR results are provided in Table 3 for sampling sessions one to four. Legionella spp. sequences (GenBank accession numbers KC209478.1 and FJ588216.1) were dominant in this study as, on average, this genus was detected in 73% of the tank water samples. The lowest number of positive samples for Legionella spp. was detected during sampling three (41%), while the highest number of positive samples was identified in sampling four (86%). Salmonella enterica subsp. enterica serovar Gallinarum (biovars Gallinarum and Pullorum) were the least dominant species, as on average only 6% of the samples tested positive as Salmonella spp. (GenBank accession number CP003786.1). The highest number of positive results for Salmonella spp. was observed during sampling two (17%), while no Salmonella spp. were detected during samplings one and three. An average of 47% of all samples tested were positive for Klebsiella pneumoniae and Klebsiella oxytoca sequences (GenBank accession numbers X16817.1 and FM199942.1), with the highest value recorded in sampling two (75%) and the lowest value recorded in sampling three (24%). Shigella and Yersinia genus-specific PCRs showed average positive results of 27% and 28%, respectively. The highest number of positive results was recorded in sampling four (45%) for Shigella sonnei sequences (GenBank accession numbers HE616529.1 and HE616528.1) and sampling two (48%) for Yersinia enterocolitica (GenBank accession number HM142628.1). In addition, the lowest number of Shigella spp. and Yersinia spp. positive results were detected in sampling three (10%) and sampling one (14%), respectively. Averages of 16% and 13% were recorded for Aeromonas hydrophila (GenBank accession number EF189591.1) and Pseudomonas syringae (GenBank accession numbers KC920926.1 and KF500097.1), respectively. No Campylobacter spp. were detected throughout the sampling period.
Presence of G. lamblia and C. parvum in harvested rainwater samples. During the third sampling session, randomly selected tanks were sampled in order to detect the protozoan species Giardia and Cryptosporidium. A nested PCR assay confirmed that during the third sampling session, two out of the eight tanks sampled contained Giardia intestinalis (GenBank accession number KC556751.1). No Cryptosporidium spp. were detected during the current study.
Levels of agreement, disagreement, odds ratio, specificity, and sensitivity between genus-specific PCR assays. The occurrences of frequently identified pathogens from the genus-specific PCR assays were analyzed by using pairwise comparisons for all the tank water samples. The pairwise comparisons that were significant (P Ͻ 0.05) are indicated in The noncooccurrence percentages were generally higher than the cooccurrence agreements for most pairwise comparisons. However, Legionella spp. and Shigella spp. showed equal (24%) cooccurrence and noncooccurrence agreement levels. Aeromonas spp. and Salmonella spp. had the highest (82%) noncooccurrence agreement, while Legionella spp. and Shigella spp. had the lowest noncooccurrence agreement. Klebsiella spp. had noncooccurrence agreement with Pseudomonas spp. (50%) and Salmonella spp. (52%), while the noncooccurrence agreement between Pseudomonas spp. and Yersinia spp. was 66%.
To validate the results for one PCR assay indicating a positive or negative result of another PCR assay, the sensitivity and specificity of each PCR assay were determined for all the PCR assays showing the most significant cooccurrence and noncooccurrence rates between samples (Table 4) . To determine the level of association or nonindependence of the PCR assays for each bacteria pair, an odds ratio was included in this study. The highest overall sensitivity value was recorded for the Legionella spp. versus Shigella spp. comparison of PCR assays, at 0.90 (odds ratio, 0.95), followed by Klebsiella spp. versus Salmonella spp. (sensitivity, 0.86; odds ratio, 0.99). The highest specificity for the PCR assays was also recorded for Pseudomonas spp. versus Yersinia spp., at 0.92 (odds ratio, 0.62), followed by Aeromonas spp. versus Salmonella spp. (specificity, 0.87; odds ratio, 0.99).
DISCUSSION
Based on 16S rRNA analysis, the majority of Pseudomonas isolates were obtained during sampling session two, while the lowest number were obtained during sampling session four. These results correlated well with the genus-specific PCR results, which revealed that most of the tank water samples tested positive for the presence of Pseudomonas spp. during sampling two (40%). However, no Pseudomonas spp. were detected by using genus-specific primers in sampling one, with Pseudomomas spp. identified in 3% of samples during sampling four. Pseudomonas spp. have previously been identified in rainwater samples; for example, Uba and Aghogho (11) found that 83% of rainwater samples tested were positive for Pseudomonas spp.
Pseudomonas spp. represent the most diverse array of species and were isolated (via 16S rRNA PCR) throughout the sampling period, including presumptive P. poae (sampling one), P. fluorescens (samplings one, two, and three), P. fragi (sampling one), P. (7) 13 (45) 9 (31) a Samples were obtained from a total of 29 rainwater tanks and at four sampling sessions (i.e., 116 total samples for analysis of bacteria genera).
putida (samplings two and four), P. reactans (sampling eight), P. rhodesiae (samplings one and four), P. cedrina (sampling two), and P. psychrophila (sampling two). This was not surprising, as Pseudomonas spp. have been shown to be abundant in water and soil ecosystems (48) . This genus has, however, been associated with significant plant, human, and animal diseases, and it has a well-documented role in the spoilage of food products, such as meats, even under refrigeration conditions (49, 50) .
Aeromonas hydrophila was detected in every sampling session, based on 16S rRNA analysis. Various other Aeromonas spp., for example, A. caviae (sampling three) and A. salmonicida (sampling four), were also identified during the sampling period. Based on genus-specific PCR analysis, Aeromonas spp. were also present in all of the sampling sessions. The majority of the Aeromonas isolates (based on 16S rRNA analysis) were obtained during sampling four, while genus-specific PCR revealed that the highest number of rainwater samples contaminated with Aeromonas species was found during sampling two (24%). Both 16S rRNA and genusspecific PCR revealed that the lowest frequency of Aeromonas spp. was identified during sampling three (7%). In the current study, presumptive A. hydrophila and A. caviae, which are of clinical significance (51), were identified. Aeromonas spp. cause a wide range of diseases, including gastrointestinal infections as well as extraintestinal infections, such as cellulitis, wound infections, septicemia, urinary tract infections, hepato-biliary infections, and ear infections (52) . The Aeromonas species most commonly associated with gastrointestinal infections is A. hydrophila (53) . Aeromonas spp. have also been identified in previous studies that monitored the microbial quality of harvested rainwater (9, 10, 54 were also isolated and identified in the current study by using 16S rRNA PCR. Klebsiella spp. were predominantly identified in sampling session one based on 16S rRNA PCR, while genus-specific PCR showed that this genus was present at higher frequencies during sampling two (75%). No Klebsiella isolates (based on 16S rRNA PCR) were obtained during sampling four, while the fewest positive samples (based on genus-specific PCR) were observed during sampling three (24%). Klebsiella oxytoca has been isolated on numerous occasions from Australian drinking water sources (55) . Kaushik et al. (56) also reported recently that, of the 50 rainwater samples they tested in Singapore, 12% were positive for Klebsiella spp. People that are at added risk of acquiring Klebsiella-associated diseases are, among others, those with compromised defense mechanisms, people with serious wounds, those with AIDS, and immunocompromised HIV-infected adults (57) .
Salmonella sp. isolates were only positively identified in sampling one (S. enterica) based on 16S rRNA, while most of the samples yielded positive results for Salmonella spp. during sampling two based on genus-specific PCR. No Salmonella isolates (based on 16S rRNA) were obtained from samplings two to four, while no samples showed positive results for Salmonella during samplings one and three (based on genus-specific PCR). Salmonellosis waterborne outbreaks are usually the result of the consumption of water that has been contaminated by the feces of livestock and wild animals or by wastewater discharges that have been inadequately treated. Koplan et al. (58) found that there was an outbreak of salmonellosis among a church group after the ingestion of harvested rainwater contaminated with S. arechevalata. It was also hypothesized that this outbreak was as a result of the catchment area (roof) being covered with bird feces.
No Yersinia spp. were identified throughout the study period when we used 16S rRNA analysis; however, Yersinia spp. were identified in all the sampling sessions in which we used genusspecific PCR. This could be attributed to the use of PCR-based assays, whereby the detection of bacteria in a viable but nonculturable state is possible (59) . Moreover, genus-specific PCR indicated that the highest amount of samples (48%) tested positive for Yersinia enterocolitica during sampling two, while sampling one yielded the lowest percentage of positive samples (14%). Yersinia enterocolitica is predominantly isolated from domestic and wild animals, which are considered possible reservoirs. Transmission of this bacterium to humans is generally through meat products (60) ; however, Y. enterocolitica has been isolated from a number of environmental samples, particularly from water, but the serotypes are different from those that cause disease in humans.
Legionella spp. were predominant throughout the sampling sessions when we used genus-specific PCR assays. However, no Legionella spp. were isolated and identified with the use of culturing techniques or 16S rRNA sequencing. While an alternative to the serial dilution method (employed in the current study) would be to filter larger volumes of tank water through a membrane filter, research has shown that Legionella spp. are difficult to isolate using culture-based techniques (3), especially from low-nutrient environments (61) . A high incidence of Legionella was detected during samplings four (86.2%), one (82.8%), and two (82.8%), while the lowest percentage of positive results was obtained during sampling three. The use of quantitative PCR has also enabled researchers in other studies to observe and quantify the estimated numbers of Legionella pneumophila in harvested rainwater samples (9, 16) .
Of the isolates obtained, Enterobacter spp., including E. hormaechei (sampling one), E. cloacae (sampling three), and E. lud- wigii (samplings two and four), were isolated throughout the sampling period. Enterobacter spp. represent the fourth most dominant genera of isolates obtained in this study, after Pseudomonas, Aeromonas, and Klebsiella. During this study, of the eight tank water samples analyzed, Giardia spp. were detected in 25% of the rainwater tanks sampled; however, no Cryptosporidium spp. were detected in rainwater samples from the same tanks. Giardia and Cryptosporidium are protozoan parasites. In a previous study, Ahmed et al. (16) did not detect Cryptosporidium spp. via PCR-based assays; however, in a later publication (24) , with the use of quantitative PCR (qPCR) they were able to establish that Cryptosporidium parvum and Giardia lamblia were present in 13% and 30% of the possum fecal samples tested, respectively, and G. lamblia was present in 13% of the rainwater samples analyzed.
Our statistical analyses revealed that the Klebsiella spp. versus Pseudomonas spp. comparison had a total agreement of 60%, while Klebsiella spp. versus Salmonella spp. had a total agreement of 57%. Klebsiella and Pseudomonas are not associated with the gastrointestinal system, and Klebsiella is known to propagate in the environment. Neither of these genera (Klebsiella and Pseudomonas) serves as an indicator of fecal contamination, while Salmonella does (62) . As there is not much variation among the total agreement values, the presence of Klebsiella, and possibly Pseudomonas, could serve as indicators for the presence of Salmonella and fecal contamination. However, further analysis revealed that these results could be misleading, as the specificities of the test were only 0.57 (for Klebsiella spp. versus Pseudomonas spp.) and 0.56 (for Klebsiella spp. versus Salmonella spp.). A similar scenario was mimicked with the Legionella spp. versus Shigella spp. comparison, where a total agreement of 48% was obtained. As the total agreement (48%) and total disagreement (52%) values were similar, it is hypothesized that Legionella spp. could not serve as an indicator for the presence of Shigella spp. contamination, as the specificity of the assay was 0.33. However, Legionella is not associated with the gastrointestinal system, while Shigella spp. serve as an indication of fecal pollution in water samples and may pose a significant health risk (62) .
However, Aeromonas spp. versus Salmonella spp. had a high total agreement and a lower total disagreement, 85% and 15%, respectively; Pseudomonas versus Yersinia also had a high total agreement and a lower total disagreement, 73% and 27%, respectively. Aeromonas and Pseudomonas are normal inhabitants of freshwater, whereas the presence of Salmonella in a water sample is an indicator of fecal contamination, and the presence of Yersinia indicates the presence of domestic or wild animal fecal contamination (62) . Based on PCR assays, Aeromonas spp. versus Salmonella spp. and Pseudomonas spp. versus Yersinia spp. for monitoring fecal pollution would pose a lower chance of misleading results, as the specificities of both tests were high, 0.87 and 0.92, respectively, and above the U.S. Environmental Protection Agency's recommended value of 0.80 (63) .
Although PCR results do not indicate the pathogenicity of a particular bacterial species, the results of the PCR assays in this study showed that a particular PCR assay can be used to detect the presence or absence of another organism; for example, the PCR assay for Salmonella spp. could determine the presence or absence of Aeromonas spp., as the specificity value (0.87) and the odds ratio for this pair of organisms was high (0.99). Further research is, however, essential to determine the prevalence and concentrations of each genus-specific gene, preferably in a quantitative manner. As previously noted by Ahmed et al. (46) , the consequences of inadequate and misleading analyses for the detection of bacterial pathogens could lead to expensive treatment methods that may not be assessed efficiently, rendering the quality of the water inadequate or, as in the case of observing false-positive results, the water could wrongfully be deemed inadequate, leading to overly restricted access to a water source.
A range of dominant and indigenous, predominantly Gramnegative, potential pathogenic bacteria, for example, E. aerogenes and S. enterica, were isolated and identified with the use of 16S rRNA analysis of harvested rainwater sampled throughout the study period. Moreover, PCR assays utilizing genus-specific primers confirmed the presence of bacterial and protozoan groups that have been detected internationally in harvested rainwater samples, such as Aeromonas spp., Salmonella spp., Legionella spp., Yersinia spp., and Giardia spp. It was also important that the diversity and frequency of distribution of the pathogenic species detected differed significantly among the 29 rainwater tanks sampled, with no correlation observed over the four sampling occasions. Results obtained in the current study then correlate with those of previous studies, where it has been noted that the method of catchment of harvesting rainwater from rooftops, courtyards, or low-frequented streets could allow pathogens from animal droppings and other organic debris to be flushed into the tanks via the gutters and inlet tank system. At the Kleinmond sampling site, the houses are also surrounded by gardens and a dirt road that runs along the top of the settlement, which could allow pathogens from the environment (soil and water) or fecal matter to enter the tank reservoir. This is a matter of concern, because in a study conducted by P. H. Dobrowksy, D. Mannel, M. De Kwaadsteniet, H. Prozesky, W. Khan, and T. E. Cloete (unpublished data) in the same Kleinmond project, total coliforms and Escherichia coli counts enumerated in rainwater samples significantly exceeded (P Ͻ 0.05) the stipulated drinking water guidelines during every sampling session. Moreover, that study also included a social perception analysis, and it was noted that, generally, the harvested rainwater was used for washing clothes and for cleaning inside and outside the houses, although 24% of the respondents used the water for drinking. The results of these studies as well as the confirmed presence of pathogenic bacteria and protozoa then reinforce the opinion of the WHO (64) , which recognizes that rainwater should be pretreated before using it as a potable source, especially if the rainwater is to be used by immunocompromised individuals.
